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THE HARBEN LECTURES, 1960

THE METABOLISM OF LEAD IN MAN
IN HEALTH AND DISEASE

by
ROBERT A. KEHOE, M.D.

(From the Kcttcrhjg Laboratory in the Department of Preventive Medicine and
I-vlr.'trial Health. College of Medicine, University of Cincinnati, Cincinnati,

Ohio, U.S.A.)

LECTURE 2 (Part 1)

THE METABOLISM OF LEAD UNDER
ABNORMAL CONDITIONS

In tic Chair: R. F. CUYMEK, T.D., M.A., M.D., F.R.C.S. *
:•/ the Executive Committee of the Council; $•

in the acid-base equilibrium of the body,
exert little or no clltct upon the rate of
excretion of lead or 01: the concentration of
lead in the blood: such minor change* in
tlic metabolism of lead as are seen in asso-
ciation with these procedures are no greater
or more prolonged than those occasioned
by the accompanying changes in the
throughput or temporary increases in out-
put ('diuresis) of water.

Abnormal lead metabolism, as defined for
present purposes, is characterized by
quantitative changes which result from
abnormal, that is to say, unusual, conditions
of exposure, as these are induced by a wiciv
variety of industrial operations, and also by
conditions which occur from time to time
in the environment of the home or else-
where. The emphasis upon the quantita-
tive aspects of the matter derives from the
fact that the pattern of the metabolism of
lead, as we now know it is modified but
slightly, and often not at all, by gross
increases in the severity of exposure,
or in the rate of absorption. Tin's is
not to say that there is not some
subtle change in the behaviour of the
lead in the tissues, or some intrinsic change

Tl.r i-itinna! metaboli":n of lead, as visual-
ized iii t'nc- terms of the preceding lecture,
i> ii remarkably stable and uniform process.
Jicfsire puinediisii to the examination of tin-
" abnu! in::! " metabolism of load, it is neces-
sary ti' define the- meaning of this term,
iictv-li'ii: t» our usage, and to establish the
i:iU:.t :i;i:l scope of the presentation which

f i j ' i 'm. Then- can be little doubt
- I 'f-li.-ivioii: of lead in man is affected

tain type- of disease. Such effects,
owever, have b.x n explored but little, and

Kiciitioi! will be made of them only in
passing. \\'e must al.-o omit a full discus-
sion of therapeutic procedures designed to
" nio!)i!;/.e " lead from the Iwdy. in favour
of a brief statement of certain 'facts. The
distribution of lead in the tissues and the
rate of the excretion of lead from the body
can be modified considerably by the admin-
istration of chelating agenfj **ch as British-
Anti-Lewisite, derivntiy^s'^ol' >thylenedin-
minetetra-acetic acid, antl certain other
similar compounds. Thfe induction of
specific metabolic disturbances such as
those occasioned by grosl increases and
decreases in intake of calcium tnd phos-
phorus, or those involving 'drastic changes
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i:i tip' yisi-eptibiii'v of '.'it- tis?u'> t'> tl.<-
prev.ncc of le.ul. whereby intoxication
cnsuc.v "Iho ji.ilinv of any such mec,han-
isin is unknown, but it is clear thai its
activation depends upon the presence of an
adequate concentration of lead in the
tissue* (presumably «t the right point or in
the piopcr stale''. Tims to all prcsei-t
appearances, tin- metabolic process 'asso-
ciated will: saturnine intoxication diiieri
only quantitKtif-clij from the normal process.

When the rate of the absorption of lead
is increased licymid the range described in
our sumewhat arbitrary terms as " normal,"
there- is a prompt change in the rate of the
excretion of lend. This is seen fust in an
i:icivasc in the output (if lead in the urine
(provided there is mi impairment of tin-
renal sccri-t'.ry ;;pparatus). It is associated
with an increase in tht- lead content of
the body, as del no: >M rated a little later in
the intact ovganiMU by an elevation of the
lead content of the blood. If the incriMSe in
the rate of absorption is maintained at a
sufficient level and with suhicicnt uniform-
ity over an appropriate period of time, there
will be u l>rO£n wii c inereaNe ii; the rat'.'
r-i the urinary exen-li:i:i of lead, in the lead
e»nti-nl of the body, and us an indication of
the latter, in the concentration of lead in
the blood.
1. Till' INC-.ESTIOX OK l.KAO lUXl'l.\KI.Y
CcmrtiJ K\)Mvtmcnial Procedure*

The fnrvgoinu are illustrated by the
resuls of a seri»-» (•{ balance experiment^
in which each of a series of young, healthy,
human subjects has taken an aqueous solu-
tion of a lead salt in a known quantity with
each meal on every successive day over a
period of months or years.

BriHly tn describe the experimental pro-
cedure, intelligent and reliable subjects
were selected, after a comprehensive
investigation of their previous and current
personal, physiological, and medical status.
In a preliminary series of observations, each
subject was instructed in the collection of
duplicate quantities of everything eaten
and drunk, including medicines of any type
taken at any time (only with the knowledge
and on the advice* of the supervisory
physician), and food or beverages taken
between meals; he was instructed further
in the techniques of collecting all urine and

fvees. both under the oiV.iu.iry e-' .iO/Lnr.s
i't dai'v hie alul iu l'..i. cmv.' ••' \\,
incidental illm.'Ssc* of u miiiT tyjv t-,,.^
commonly interrupt or modify the i,,.!,-
routines cf Otiierv.'isi- healthy pi-.'«j:i<.
Various clinical obNCrvatiuns we..- i:,,:'.'.r-
atid recorded weel.lv (and iit otht-r n-<.•(.-,
sary times), at whidi time d-aplir-..*...
samples of blood were obt.\i:u-d by \x-tii-
puncture f.'ir analysis. A diary lUti;,.; li;--
food and beverages cunsnmevl. aii.1 r>.-.
count ing briefly the ro;;tiiu- ;:nd ai:y uii-
usua'. activities of the day. was kij>; |..:
the private information of tin- pri'.,:;>..|
investigator.

At some pnint in thN expeiin,1.-.it.;!
rc-irimen. after tin" ch:.rae!eri-.tics oi tie
normal mctaS-ilisni of lead h.'.cl Ixvn i-st-.ih-
lishcd, the t-vperiincntal i!i!;esii'>:i o! Ii-aJ
\vas initiated by pmvidinj; tin- Mib;c\t
weeklv with -\ small c'liit.-.incis. in \vhii-h
the desired q'.r.mtity oj a l-.v.:l sail in
aqueous solution h id been i:v.-a^ired out.
S'» a-, to fucilil:iie the iugc-ition ol4hee<i:-evt
dose with each meal.

Further derails of pioc-<-c!uA\». \\t.;.-li
have been I'orlectoJ l»v expt-riviivi'', nvxl
not be elalH>ratecl ;;l tlvis tsir.v. except t"
say that every cliort wa.> in.-.de t.; eli-niitat-.-
fortuitous and espociallx sysli-matie error?
in the perlormaiice of the >ub-.. el .vi;:! i:.
th" handliti:; of the aualytiv.il worl:. No
doubt, errors of sampling, ispeei.il!> in-jjv
cosicernc-d with duplication i.-l the l.'-iJ e-m-
sumed, occurred from tinv t<> tn... but
there is little reason to <lo<iht that thosi of
positive ami nejfati\-e si^n ha\i- t-.-iidi-O t-i
cancel t-aeh other during the ]iii>lon»eJ
periods of obsi'iA'alion. l.ikewi*-.- analy-
tical errors were inevitable, but constant
checking of the analytie.il precision in
several wavs gave rea>onabl-- a>Mirance tli.it
these would not be cumulative or system-
atic, and that errors of positive and in sa-
tire si'^n would occur with approximately
equivalent frequency.

In the first of such experiments after
brief examination of the' normal metabolic
pattern, one milligram of load was ingested
daily by Subject M.R. (in addition to that
whidi occurred in his food and beverages),
over a period of 1.456 days (.because of
certain fortuitous omissions.'the total qnan-
titv of lead administered in thij wav was
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C"'i.;rM- tif •'••..
•' :"i:i'-r typv tli.-.'

i i i . id ; fy t i .c tl.;:!y
h-.vhljy p.-:i',:,s.

.iti-'nii were J:K..'.I<>
.;.:! at other ii.-c.cv
.. t i ipr duplicate
o! 't^iii -d by vi-iii-

A diary listing (}.<.
•:>>'.mu i!. and re-
::iiH' am any un-
li.sy. v.as ki-pf iV.r
. «.-! t:<v principal

.r.i'.-U-ristK- i.if t l i - -
.:.! h.-.J IK--.-I . . ,t.:!>.

1443 miliiaranis'. 'Jhc obscrvati'):."* wore
i\rri"*d <i ;t f%>U»ii''d:tioii.:l 2Sft days af ter
t!i-f tAjiCTimiViliiT inyestk.ji r.f Ivad harl
been terminated, at which tim^lne experi-
ment w..s c-oncludcd at the wish of the
subject.

0\er the period til eight years}additional
experiments of this type- were conducted.
in which comparable information was ob-
tained as tu the responses of three other
experimental subjects tn'tHc dally ingcstion
of 2. 3. and 0.3 iniHiur.ims of %ki\ respec-
tive-v. ac aqueous sofnlicins taken with the
nica:<. (Earlier experfrnejits of'tth's general
tvp't- were carried out prior td Mu- develop-
ment of the analytical iricthoctf jfmr in use

in the Laboratory. The- results, while
simita^...^? not strictly comiurahle. quan-
titat(^cH$i fCcine of these was so prolonged
as tlje first, each having l.iccn dcsisned,
primarily, around a question that could be
answered in a shorter period of time. More-
over, the patience and endurance of even
the most imperturbable and compliant
human subject has limit's. It is neither
possible nor necessary to speak of the many
details of these experiments at this time,
nor to deal with the many experimental
findings which have been or are to be pie-
sentecl elsewhere. Instead, cc-rtuin portions
of the data have been assembled in tabu-
lar fonn or arranged graphically, i:i

Table 17
1:1^1 i.i'iit i>; KUC

: .-. k...! s. i l t i..
•c l i ir.va»'i:vJ f) ' ; t .

v: -Ci-c:':r--v x.'.iv.-!.
' ev:vr,, :.;-i laij, ;

.:? li::.- . t .\- •• -jit !••
t1. , T, * . ..1 :, . :., . . .

( lf .. ..:

"'y^'-'-'t'..-.'!'!:
jiic.i! \v.i:>. r\'<%

*T «-sp-xi..!iv t: :-»,-
'.:;.. f t l . v i • / . J i - ' i i . I
::::n- t thru . !>•.:'.
: '-il)'. t'..it tii'.'.-i of
^;i }:.\: -.- :• IK!.--! t<>
' » t! .prul'Miued *

" l . ik iwJM- :'i:.a!v- •
:'•!(. IT.;; constant j

. i l . i t iv t o: svsU-ir.-
:--.>itr. •: a: id. Jiecja-
"••-'.. . • • •v i .vnnl iv lv '

iv>nr,.i! metabolic '
• l-.-.u! \..i> ingesto;! j
::. i-iikiition to that I
•>•:! an;: beverages;. !
cl.iys because of f

.::>. tl.c- total quart- j
:! in this wav was 1

Lead Intake ahd Output in a Healthy Human

Successive r Ln:\
IVri-'cU Ingested

of 25 Day^ " Milligram?

Control l\ri • i ... ... 1 '•-'>

Tost IVrio.'.—

Inic-^k-ttd^k^lnci-.atc 1 3»3-C2
of k-.v.l ch!.-ridc it; sc.lu-
tion. taken daily ii; dosvs f 37-J'T
of 0-"j3 inc. cavh with , .
i:-.cil3 " "'311 37-7?'

i 37-G-;
3 42-70

i
6 j 3S-G7

' T1! 35-74
* «* '* j 35-62

i

t t \ 35-59

j 10 j 42-81
4! fit i «.js: ii j wit)

j ^ I 30'19

Subject (M.R.)

Lead Eliminated — Milligrams

Total

10-57

20-OJ

30-41

35 -Gii

32-03

34-75

3S-07

33-12

33-15

35-86

39-55

34-S1

36-53

In Fcce? In L'rin-* ,

I' -92 0-G5 '

2^-10 0-SO

2? -21 1-20

37-G2 1-07
t

30-95 : 1-GS

32-H7 , 1-78

36-32 1-75

31-S1 1-31

31-43 1-T2

35-55 2*33

37-78 1-77

31-74 2-07

33-97 2-61
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stration of facts wl.uj,
The first of «"»*""!,fully, in

S ^w'^'^

des i* o four xv<*ks)' Thc pri"V!ty r:Uih'Si' 'ito cionwi J» » present the- summary c!
data gj^Jj ̂  ^ p .̂d h,forc f,t

for study, after which <™'«KnTj> JJJJ JdminMlration of lead in solution, in j r .x-of others of the scries are shown for com aam^ ^ ^^y mo!lths of lfll. CXi>,ri.
"Only

55-*=p*?±S±HS 3S»TK=.VSThSa '-i <>-.«
tent O f I W fc-a ̂ "Sg l̂ES BO*. Of thBC ifctMMH. Will a«X,,r "< '••'Zgss tftStf ss^sa*. **•* "-•

--"- 18*•»•*»* • „-

Lead Intake and Output of Norms} Subject (M.R.)- - - ~_. , , ,.^A Arf«i,,i.tritlftn

Successive i Lead Lead Eliminated — Milligrams i Lead— ?':;.
Period.* < IngtMcd - ———— ̂ — - —————————————— " "l-o.*t \ — 'i nr

of 12 Weeks MiHtgrams lotul In Feccs ' In Urine RctaineJ i4-}

1st ... ... 112-81 101-48 i 98-32~ j «-" ' * - « • '

^nii^ ... ... US-74 108:9? • 103-74 '

3rd ... ... 107-22 105-M i 100-15 |

4th ... ... US-70 111-57 | 105-57 1

~ -bi\t, ... ... 110-18 111-22 • 104-66 1

Gtli T.. ... 11G-22 121-59 : 114-15 •1 I
7th ... ... 109-44 1«3-41 i 8C-57 I1 --[

_Sth ... ... 125-45 11 -̂86 ! 112-47 :

l«th — ;. ... 117-11 114-81 j 108-97

10th ... ... 105-48 98-80 ! 91-22! i

llth ... ... 107-57 > 109-19 | 102-25

12tiT .̂. ...: 114-24 102-00 1 94-03i
13th ... ... 113-14 100-68 | 94-02

i '
" — TOTAL ... 1,476-42' j 1.398-19 ! 1,316-12

_ • , , , 1
• Approximately 22.00 me*, in drinking water, 372.32 mgj

•ad 1,082.10 mjs. administered in soluttoa. mi

3-1G j -rll-a..

5-21 ! -i- {••::{'

5-30 ; -r-1-71

6-00 •:- 7-2'J

6-58 I — l-i-l
i

7-14 — 5-37

6-S1 -IC-Ou

G-3'J ~ C.-W"

5-84 - i-SO

7-64 -• C-G2

6-94 • — 1-G2

8-03 : -M2-18!•
• 6-66 ', -J-12-4C

82-07 j 78-23

.. in food and other beverage;,



•**>•-

,.,,,.,.

,i li:';,.:<. ti.c
t'on, in jli:<t;,.
::• tin- t-.-:pcri-
poinU i:, tj,0

; rd.ii notice,
.-ward ;i pro!
V I c a f l output
a i . d t l . t - l . , dc

. lead output.
'. appe..r more

Th; co»iO.'jv|:idiiii: results of a more- pro-
!•*:!-•' • !V"}.>'! ̂ iin'iy* v.-Jiitlf ,niit ti»!l?:t;r>.!V|
i»i h •:.:: w;i.? ini'cst-.--! <l,iihf4'jut additioji to
t].:,t i- :,:.:in'-d in tli- diet), Juivc been com-
bitv.:i for successive j>crioc\s of 12 .weeks in
Tnb!" 1^>- Jhose data dcb^utrato more
clearly than those in Tablfj, *ir» ttjc- uneven
but gfucrally progressive ijicojasc in the
iiriniiry o:itptit of lead. an;l, they e.?tablisli
the occurrence of an irregularly progressive.
increase in the deficit in "tfu^otal output of
lead. a< compared \vitU, ijt^^tal intake.
Apiuririjt'y. under tlic^^HJdffwDSy lead
was atcvinuilatiii^; in tlit^jfi^lv of the sub-
ject. It is apparent, hoxveypr, that there;
were time* in llic; tt>urse^W|s experiment
wher. tlie dutput of Icuq fror.i ine l>ody

arly equivaU4H,io tlie intake.;was \ery ne

vcr.;. a'so three- periods, as sho\m in
iSS. v.-!,v,, :'.t- r-::tp:tt was swucwli-'ii
r ti.an the intake. \\"c shall rxamini:

these irregularities ;i little later.
The fac-ts with refe-rcnce to the sources

and (juuntities of ingested lead, the avenues
and tne extent of Hie output, and the mag-
nitude of the deficit referred to above,
during the entire period of the experimen-
tal ndrniiiist ration of lead, arc summarized
in Table H). It may be noted here, f"r
what it raa'v be wbrtli later, that the quan-
tity of lead excreted in the urine during
this period was practically equivalent to
that retained in the body of the subject.
A rough calculation will serve to show that
approximately 70 milligrams of lead were:
excreted in the urine during the periorl of

-i ••.•

-li-l

Table 19
Lead Intake and Output of Normal Subject (M.R.)

During Fuur-Ycar Period of Oral Administration of Lead

Milligrams

7S-23

Per cent of
Ingestion

Ir.pi-jte-d :

In drinki::g water

In fuod and beverages ...

Administered in solution

TOTAL

Eliminated :

In ieces ...

In urine ...

TOTAL

Retained

30-00

493-47
•

1,442 -SO

l.t'71-27

1,739-31

113-77
•

1.653- OS !

110-07 '.
i

1-5

25-3

73-2

100-0

S3- 2

5-S

94-0

7-8
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ahiionn:i! absorption more tliau would have
Ktn evi-rctcJ. i:!:d;-r vomul
This culculiitiini is made- liy mulriiilyin^ the

Eross urinaiy \olnmr during this period,
y the mean concentration of lead in |1ic

urine of this subject before lead wa$ ailmin-
istcrcd, ftnd subtracting this product froni
the total output of lead in the urine. I)is-
rt-garding the indeterminable quantity that
may have occurred in the feces us a true
r-xeretion, which may have* been of about
the same, magnitude as that excreted in the
urine, this quantit>- (70 mg.), when added
to thafe retained in the tissues, adds uri to
160 milligrams that may credibly bo tjtcn
to hnve Ix-cn the minimum quantity of
lead actually ataorbcd from the alimentary
tract in tlie course of this experiment,
roughly ]-3 per cent of that administered.

or somr.vhft k-ss than 10 per cc;.t of ti.c-
total rjr.."utiiy in^esUil.

At this point in tli-; cie.-c-iip'.inn i:f i',U
experiment, it miuht serve the- purpose > i,[
bre\-rtj' and, at ihe same time, c-otitril..;'..
information for comparison, if we v/civ !-.
intmducf data corresponding to thosv <<
Table 19, but derived from another exp-.-ri-
ment, in whieli subject E.H. invested tv.c.
milligram!; of lead per day, in acl;liti<;:i t.,
that in his diet, over the period of winv.
what less tha»i two years (6M days). This
experiment was carried out in'precisvlv
the same manner as that of the first cxj.-:rl-
ment and in concurrencp with the latter ;v.rt
of ft. The cnrrrspondini; data are smnni..r-
izcd in Table 20, in which it can h«- seen
that approximately twice the daily dost of
lead per day resulted in the accumulation

'Table 20
l.«ad Intake and Output of Normal Subject (E.B.)

During Two-Year Period of Oral Administration of Lend

1'cr cent M"
Milligrams Total

Ingested:

In drinking water
In food and beverages ...
Administered in solution

12 -00

120-48

1.250-85

8-5

00-7

TOTAL 1.419-33 100-0

Eliminated :
In feces
In urine

TOTAL
Retained

1.23G-19
73-07

1.309-28
110-07

106

87-1

5-1
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:-* t:.& purposes of

.-.-.-,:.. if \v-- \vciv t-i
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v.-r D'.n.c i-f some-
,.-• frS-i CAYS-. This
-: cut i:: precisely
.:; -.: the f->: txpiri-
:vA-:th:>.; Utter p.irt
r CAt.i ^:; snnunar-
:.::>. it •:.•.". be seen
:- ::.* ciiiy <!r>sc- of

1.

cli

Graphic K-i»n
t Hh i»ic<j'v
in tlir urine

fnfcrn in .
o/ 28 rfm/v.it'.icn nt Hh i»ic<j'v in rtim «> 9 4urcrtr<tr j f r io t o

ine m.tl 1ccc\ (comtiiiifil; in tie forrerpotuliiif

and in
l/ii- (tuaiititic*
Subject M. II.

of anprosiinatflv the same quantity of It-ad
in the l>oJy of subject EiM. in halt the
time. A.caiii. the qii.inHtjr^vxecetied i» the
urine durir.j: the admlM4»tratK«i of lead
was approximately th* KimtTas that rr-
taincd i:i the body of the subject. The
quantity of lead absorbed during the
period of the administration of lead, arrived
at bv the same procedure hs tiwt judicatcd
in the ease of subject M.R. - above, was
certainly not less than i€ft wiJCgrams,
which is about 13 per cent •£ *hit adminis-
tered, and almost 12 per «»nti tX the total
quantity ingested. (The lota! .quantity
absorbed may well have hrav9f the order
of 200 milligrams, or 15 a*«£ 14,5 per cent,
respectively' of the adminiwtttdjead, and
the total quantity of irtjwfcdi lead.)

A graphic viexv of th« «otl.i^«ntitati\ e
relationships between tm iMf$ted lead
(food, bm-crages, and that administered),
that in the feces. and AatslnAe urine,
during 39 of the 32 wmodMwtfh of 2S
oa>-s) over which lead w«t?*aminJftered
to subject M.R., is shovm t^^jKf 1- Cer-
tain trends are clearly frtoiblia ihe general
course of the increase i»)ti^I|̂ wry output
of lead, the «sentialry piaftd variabiliU'

of the total intake and output of lead
during the tots! period portrayed, and the
comparative constancy and yet the slight-
ness of the discrepancy between the- intake
and output, as referred to previously in
Table 19.

A further series of charts have been
drawn up to reveal certain simple but sig-
nificant facts. Tims in Figure 2. the output
of lead in the feces max- be seen to have a
well-defined relationship to the lead in-,
gested (since the amount administered was
the same each day, the variability here.
derives from that of the food); it also bore-
a direct relationship to the regularity of
the emptying of the alimentary tract, iln
assembling the analytical results on the
lead in the food and feees, for scanning as
they were obtained, it could be noted that
the failure of the subject to defecate during
any 24-hour period resulted in a discrep"
ancV between intake and output which was
never fully counteracted subsequently;
evidently, a greater degree of absorption
of lend occurred when the retention of the
coqtents ot the alimentary tract was pro-
longed. In this manner, this factor came to
light.)
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niilfi^ram o/ Ifs<f tea* liigeirfrJ (itttfi mc«I») deify. Subject M.R.

Certain fact! with respect to th> lead
content of the urine and mood during tlrf
entire period in which lead was adminis-
tered, arc shown in Fttmrc 3. Th« wie«n
daily output of lead in the urine, tlje mean
daily concentration of lead iu thf urine,
and the average concentration of lead in the
blood, for each 28-day period, are plotted.
A point of outstanding importance is the
general upward slope of the three curves.
There are frequent peaks and vdpley* in
each ot them, as wen as certain less fre-
quent .downward swings in the two repre-
sentations of the uririary lead (which will
be remarked upon later), but despite the
frequent or infrequent rccessioto their
eventual course mounts to prohmivfly
higher values. There is no evidence at the
achievement of an equilibrium with the
experimental cbndittohs. '

A further, point of impottao1

somewhat wssef rate of i«
fradual slorife bl curve) in the
in tlie b_U>o<|r, a) oonmred wtth
uriae. This diHerenei is hot At
glance, as it is when the sharp

fitted (straight line) cun-cs. AS illustrated
in the case of the urine in Fii;iir? 4 he-low.
(The lag on the part of the blond i« the
more pronounced, the hijjlirr thr rate c(

itpliofi from the alimciitary tract, i.e..
the larger the dose of soluble lead ingested

v.1 This phenomenon wmild seem not
to W .especially remarkable when one
reckon/with the fact that the concentration
of lead in the blrwd of the normal indivi-
dual is approximately 10 limes that in the
urine. Indeed its unusual fe.Uurc i* not
that this discrepancy occurs but that it is
not considerably greater, for such would
certainly Ax- the ease b-.it for the camcity
pi the erxlhrocytcs to take up lead and
thus, retard somewhat its passage front the
bipod stream into both the tissues and the
urine. As \ve shall see later, the usual limi-

" the ,»a,te of the urinary excretion
does not depend on a normal

!ty of the renal apparatus to excrete
•ond |t certain low le\ e!. but upon

' BA-ailability of lead for excre-
,r._ when a sufficient quantity of
available in the body, the urinary

deviations of the curves are irontid out ia excretion of lead may be augmented thirty-
IDS
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Fi£. 3. Mean deify o»f»ni» r>/ trnj in ur/nc, <7i:</ niton dally concentration of lead in urine
etui bhoti, in cac/i Pfriat!$ 25 days, during a pntpneed period in which 1 mtf/i£ram of

lead,, in w^iifon, tua inserted, doily, nith meal}. Subject M.R.

fold or even more. At suclva time the con-
centration in the blo<^i if likely to be
increased only eight qr->tfnfold. On the
other hand, under circumitances associated
with abnormal absorption of ;K'«id, and also
with an impairment of th« re«al excretion
of lead— a situation v^likj) .occurs only
rarely — the concentration «f h-nd in the
blood mav be elevated by as much as
twentyfolcl. i.:: -'

In Figure 4, the tot|i output of lend in,
the urine, and the total
for each 28-day segment
involved in the cxperimp
of lead, are plotted in
means, one is enable^
volume of the urine is
in the urinan- output
(in Cincinnati) there
•easonal factor which
of water and the ou
oallv parallel manner.
of the minor irregu
wad over the entire
appear to be explaina
the low points separat

of the urine,
total period

inistration
By this

see that the
mt factor
also that

well-defined
the output

. inanessen-
y (but not all)
iJhe output of

ntat period,
basis, while

each other by

larger, serrated, upward loops, coincide
with the peaks of summer heat, approxi-
mately a year apart. And yet, despite all
of these deflections, the main course of the
curve is steadily upward. Whcthcr this
curve is best fitted by a straight line may
bo questioned, but such a question at this
point in our discussion may be dismissed
as of little importance. The important
point is the fact that there is no evidence
here to suggest th.it the upward trend will
diminish wjth further time. For aught one
may suspect to the contrary, this same
course might have continued upward
through the remaining lifetime of the in-
dividual, so long as the experimental condi-
tions were maintained, and, as we shall see
later, this, in all likelihood, would have
resulted disastrously- for this experimental
subject in spmewjiat more than three addi-
tional years. [The special experimental
conditions represented in the latter part of
the curves bv the arrows under the heading
" induced dietary changes," will not be
dealt with here beyond the brief comment
that they represent a series of crucial tests
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urine, in succc*fii:C ;n*rifirfs n/ 2S darit. (lurittz a prolonged in-riod in whicli 1 mi//ij.fruni <*

ICM!. in solution, u<u inprstcd daily, uit'i mrnlt. Siidi'rcf M.JI.

df certain die-tan- or therapeutic methods
of altering the retention of lead in the
Ixxly. which can be seen to have influenced
the ouhnit (and intaker of water, and thus
only, indirectly and insignificantly, the out-
put of lead, 'these were", in sequence, (a) the
administration 6f milk in large volume, <(b)
the administratibn of large doses of ascorbic
acid, j[ci deprivation of dietary calcium, (d)
the deprivation of both dietary calcium and
phosphate, and (e) the administration of
excess of phosphate, and (g> the adminislra-
exccss of calcium, (f) the administration of
tion of irkcess of calcittm and phosphite,
one ad îWistrred in the morning. tf>eo4ter
in the evening, to diminish their direct
interaction. Each of thete procedures Was
corttinuetl for 28 days, after which the nib-
ject resumed his usual regimen for 2S days,
wtth the exception of procedures (e) <md
(d). the latter of which followed imthe-
diajiely in the wake of'me former.]

In view of the apparent physiologteal
and practicetl importance of dte ififlufltoce
of the u"Hnary volume upon the output of

lead from the body, and in recocnithn of
the dearth of quantitative information,
derived from controlled condition of
experimentation, on this matter, the oppor-
tunity to cvwry out certain detailed observa-
tions of this type, in the course <>f this
experiment, was too tempting to pa<< hy.
Since also there was little or no information
a* to diurnal variations in the concentration
of lead in the blood, under fairly constant
Imt abnormal conditions with respect ta the
absorption of lead, the blood and the urine
of subject M.R. were sampled at intervals
of two hours throughout a period of 24
hours on each of three different occasions
during the period of administration of lead-
The first observations were made five ana
acMNhalf months after the initiation of the
experimental ingestion of lead, the second,
19 months later, and the third. 10 months
after the second. No additional experi-
mental variable was introduced into the
fint series of observations, but in order still
further to intensify the variability of the
throughput of water, the second and third
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subject f.rst being given
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befn? denrivci . of water
of sampling, had hew _
results arc plotted in Fig>«ft

u out as JS'MjfiCl 1-" nof<\l tint t'te concentration
t£srs, the of JiMd* KV the blood varied only insignifi-
t? jijf water cantly fonly one result, on 9:fi January,
and then 19-10, ranged above the upper limit of
| ieguncn analytical variability) during any one of the
ed. The 24-hour periods, but that the level of con-

centration increased step by step in the

JA.K A»;j>l S.ltJT r ' A.ki tm: 3. i«»
TIMl IN HCJ*i

* 1 U. J»UW, *, 1*49 M
•T

/'ii- 5. Diiirntil mriatitni* ii. f/if C\>nccntratijn of lead in thr nrinr anil bla<id (lower
scctiw-. in nVafjc"'! to «tf*%tf1/^/*/ "/'*•»<*'' *«*ion) cnrf induced (eentre and rifht upper

in'tjv^famnfe'ef the urine, during three 24-liovr period* in the course
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Fie.. 6. The cumultflifC
and that ingested in tt'
turiodi of 25 days, durli
(1 mp. per day in
represents the total

e«n f/ic frott intake of lead in food, beverages
t outfnit in the feces and urine, in tuccettict-

.. of experimental inctttton of lead. Subject M.R.
.... E.B. (2 ntf. per dav in tolution). Each point

_ retained in the body of one of the tubiects at the
period of the experimental sequence.
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successive periods. The urinary concentra-
tion of lead, on the contrary, varied widely
within each period, in inverse reKttonlto
the urinary volume. The extreme expfts-
sion of this variability occulted when, on
the same day (Sitt.March, 1938), White ft*
concentration of lead in the blood remaned
essentially constant at 0.053 ing. per 100
grams, tiwr concenttation of lead in At
urine ranged from 0.05 to 0.21 rag. per litre,
at the opposite poles of the urinaiy volume.
This high degree of variability shouUf-be
noted.aad remembered in relation to the
frequency with which attempts are tflde
to establish the general level or rate of the
current absorption of lead by an individual,
through ,thc analysis of a sample of urine of
small* volume.

Next in Figure 6, is another aspect of the
abnormal metabolism of lead, as re
in the two experiments in which, su
M.H. and E.E. ingested 1.00 and 2.00
grams of lead daily, ^respectively. m addi-
tion to that in their respective diets. The
cumulative retention of lead (the gross
dwt-rtnce between intake and output to the
bcwhes of tfaes» njbjects) is plotted oft a
month by month (28 duy) basis, the **sult-
ant two curves being practically the same
except for their slopes and their representa-
tion in time. That is, subject E.B. retched
practically the same eadUpoint as that of
subject M.R. in about' half the time, as
shown prcviouslv in the end ipsults,
Tables ft and 20. It may be notojJ that
the points on these curves could hamiy be
fitted by a»y other than straight tinlt, and
that there is no suggestion of a
levelling off. There arc evidences to both
curves,, however, of a recurrent levelling
and downward trend, in Jhe form M four
notches in the four-year curve JM.R.) and
two in the two-year curve (E-B.^theje
occurring at the same time of year In both
instances, namely, in the summer lealon.

The meaning of Figure 6, in its
term*, fit clear, but the very
the facts may be deceptive, and perhaps

f eraosideration should fee given
"

ft** third (subectlTO who
three milligrams of lead, w i dii-

salt, every day for four months,
no deviation from a state of well-

being during these experiments, and, there-
fore, it might be concluded that these daily
dosages oft lead have- been proved, thereby,
to be harmless. So thc>- were, for tlis
period of time represented in the experi-
ments. If, hqwc-ver, there is a point at
which the accumiidatioii of lead in the bodv
becomes, of itself, dangerous (evidence will
•fipear, sulnequently, to show that this is
the case), we must view these experiments
in a different h'flit. Unless these subjects,
if eontinucti indefinitely under their respec-
tive conditions of lead intake, should, at
some time, achieve an equilibrium whereby
the intake and output of lead would come
into balance, they might well be threatened
with lead intoxication at some time. It is
important to recognize, therefore, that no
evidence of an approach to such an equili-
brium is offered by the results of MM*
experiments. We shall return to M*"
matter at a later and more appropriate
point.

As to the seasonal variation •Fthe lead
metabolism of subjects M.R. anw EA, M
satisfactory interpretation can bwhm It
is pertinent, however, to call M&ntiaB to
the fact that the excretion of lead in the
sweat of these subjects, to whatever extent
it may have occurred, is not accounted for
in these curves or in any other representa-
tions of our data. If such data were avail-
able for inclusion, they would further in-
crease the loss, of lead'from the body, and
would increase the negative metabolic
balance, thus, deepening the notches in the
curves of Figure 6. It is evident, then, that
there was a greater excretion or a lesser
absorption el lead by these subjects in the
summertime, but the reason for this pheno-
menon is a matter for speculation. Was it
temperature per se, or sunshine, or the
greater seasonal recreational exertion of
young persons, or the greater use of fresh
vegetables And fruit during the summer
months* or $»s it some more subtle change
in the fen^al metabolism of the body?

A further experimental variable, that of
remains to be examined for its corn-

re effects upon the patterns of
of the several subjects. These

can be illustrated in a few charts
and comprehended promptly and with
little further explanation. It may be of

H
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interest to mention th<? fact flpt the dosage
of 0.3 mg. of lead pet'ttjty, ta'fcen fey subject
SAV. (in addition to that i his diet), was
selected by means of a roug ;* calculation, in
tlie belief that it might rcsi |1rl an .mount
of alimentary absorptrfan «K itffMht t6 that
being absorbed in..-j% n pratcry tract.
This subject had iiist.jpm wiAt& period
of 13 lunar montns orob wtfHon "under
normal (control) condftfoni d^ftug which
his output in the fece* am 'urme nad ex-
ceeded his intake in food a|<l beverages by
8.5S milligrams. This f*ce||[ >y2Sf regarded
as having been absorbed Trom the atmo-
sphere in the respi^ory tract. If our
estimate of the appropriate dosage for use
in this experiment h;Ul turned out to be
correct, the intake and output of lead,
charted in the usual'ittanrier, would have
been in balance, and the actual amount of
the respirator)- absorption wijttfd have been
indicated by this indirect rjj&etdure. This
turned but not to be the caw?r>dr it eventu-
ated that this was the least dose which,
when ingested, would be absorbed to such
an extent as to yield incontrovertible evi-
dence thereof within a few .months. This
fact and certain others are shown in a series
of charts.

- Figure 7 portrays the mean daily a'imen-
tary intake and "output of lead'by sub-
ject SAV., during the 11.5 lunar months of
the control period, and for the 17 months
thereafter, during 15 of which, the dose of
0.3 rag. of lead was ingested daily. This
chart is introduced merely to demonstrate
again, for emphasis, the familiar relation-
ship of the alimentary output of lead to the
alimentary intake, over the entire period of
the observations. The extent and the
abruptness of the changes associated with
the initiation and the termination of the
period of experimental ingestion of lead
are apparent.

The situation is different, however, when
evidence is sought of die absorption of lead
from the alimentary tract, under the con-
ditions of this experiment, by examining
the data as they are set down graphically
in Tables 8 and 9. The two lowermost
curves of Figure S represent the mean
quantities of lead excreted per day in the
urine by subject SAV. during each 2S-day
period of this entire experiment (the period
of ingestion being superimposed, for pur-
poses of comparison, upon the control
period). In three of the periods of 2S days
during the experimental ingestion of lead,

O
T;«H

U 14 H it tC
tuccusivf wmees or it o»r»

Fig. 7. TJtt pross It
fccet, for eadi —"
final Kfttont. ....
in each tuccestiie

fit food and bectraget and tlte grots output of lead in the
i In ttqucnct. are Wotted at indicated, in tlic initial and
totutlon along wttfr fnc food, it added to that in tht food,
aiitit, during tlif total period in which 0.3 nig. of lead
inserted daily. Subject SAV.
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the output of lead in the urine \vas signifi-
cantly greater than it had been in the
corresponding part of the control period,
and, during jtna latter part qf the period of
ingettion, the general trend of the urinary
output of lead appeared more and snore to
deviate from strictly normal levels, tyojt
of the tirae, however, during tip period of
ingestkm, 'the difference between the t\vo
curves may be teen to have b«en negligible.
The over-all diference is barely of
statistical significance. The other curves
in Figure 8, with the exception of
that of subject IS. (3 mg. of lead
per day), whose period pt ingestion
was toti brief to bring out the main or
ultimate slop*, of this curve, reveal their
own trends sand diverge from each other
and from the baseline in a generally de-
finitive manner. Tlwrse elongated curvet
are plotted on approximatelv the same
seasonal basis, and although there is some
degree of conflict in their seasonal trends,

simp!" inspection is a sufficient means of
diiiercntuiting them in relation to the daily
dosage of ingested lead.

Figure 9 provides a comparison of curves
\\riich differ in their construction from
those in Figure 8, only in that each point
represents the mean concentration, instead
of the mean quantity, of lead in a series of
23 samples of urine each of which was
one day's output, these being plotted in
temporal sequence. The visual compari-
sons are facilitaled by the inclusion of .1
straight line representing a mathematically
derived slope for each curve (except tha't
representing the control period of subject
S'AV.). There was a barely significant
increase in tht concentration of lead in tiit-
urine of subject S.W. during the period of
insjestion. The other curves hear much
the same relation to each other as those in
Figure S. In Figure 9. however, the inade-
quacy of the curve {subject 1.1". • which is
intended to represent the response to the

> I « » « 1 » 7 I » « I | , J

TiMC IN SUCCCSSIVC f
u M « * ii it « »; I :j t> t*

EMIC9S Of 21 D«r;

Fic. 8. T/ie mean tlatiy output of lead in the urine c-f cadi subject ct idrntf.cJ. v>
tiiccestite periods of 2S daiji, including tlic itrctiminanj (control cr base-line'1 rmurt />'
Mbie&* W.K. (1 me., per day),E.B. (2 mg. prr du«), and l.F. (3 me. per dau\ Sul>:rcf S.U'.
it rtpremtvd by two curves, one bfiktn. jwrtfaving the period durinf wliirli no lead u'C<
taken vith meau, and the other, cOHtlnuOv*. covering the perind during u-hich he infested
0.3 mg. of lead per day. The points plotted in the case of subject J/.K. represent on!y »''••

first 23 of 52 periods, u/iic/i could be compared uif/i those of subject F..B.
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' Figure S.

Jf.fi., E.B.. '-

ingest ion of 3 mg. of learf ,IHT day (plus
that in the food', seems cviw-ri!. for while
the two adjacent and ilVffo p?ulo:i^td
curves tend to level off so^iW-rlat after an
initial sharp rjse. this Ono.'sUeiiHn^iy, por-
trays only tlie initial SKipiv One would
like to know what would" Tiuvc been its
future course had the experiment been

The occurrence or wnViectifrcnce of
significant changes in thc'-tfirifecntration of
lead in the blood of tfrt- twir subjects
during these experiment's is/lfhitwn graphi-
cally in the curves of Figure, 10. The two
v/h-'ch represent the t%vo'\Wi.xls of the
experiment imolving sul/jc« SAV. cannot
be differentiated, nor coirttT these two sets
of data be differentiated 1>v statistical
means. It is possible trtSt fWic. curves
would have divcrgcrf sijfrWfittintK, if this
subject had adheretl to flii »a,me experi-
mentil regimen for a longw period of time.
This is not certain, Kbw
is clear that the ab
.level of oral
barely dem^,_,,.._
increase in the ratfc

And the fact
at this

as to be
bly a slight

excretion
of lead, without the conlfrming evidence

of an incrc.i'e in tiie concentriilkm of It-ad
in the b'.'iod.

The curves which shi-w increases in the
concc;itr.)ti->n of leaj in the blood, in as^-i-
ciation will-, varying rates of uliiorpti'iti uf
li-ad, slope much more jicntly upward fri':n
the ba<e line lh.ui do those indicative of the
rati1* of the- urinary evcrction c>f lead '.Ki^.
9', ;ind llif>' tencl In diiFoTC-iiti.itc themselves
fnnn iMch other in a K-s-er t-xti-nt and IP >rv
yra<hi;illy tlian do the ccirrvsptindinsj! urin-
ary slopes. On the other hand, it follows
thut every deinunstr.ili!'.' change in tlie
bluod i< nr>rc siiinific-.'.nt, in terms of tiie
degree of absorption of lead which induced
it, than is a comparable tk".:r'.'C of change
in the nrinarv output or concentration ol
U-ad.

A passing reference was made, at the
beginning of this discussion of the meta-
bolism of lead under abnormal conditions,
to means of hastening the elimination of
lead from the liody—" delcadinq ", as this
has often been spoken of. The accom-
plishment of this purpose has been a
persistent goal of medical therapy, and
many remedies, among which were potas-
sium iodide in an earlier period, ammonium
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Fig. 10. T/ic rnttin concentration o/ IcaJ in tlie blood of siibiertt S.U'., M.R.. E.B., cnrf
I. P., plotted for comparatii. e purpose!, us in Figuivy 8 and 9.

chloride more recently for a time, and
sodium citrate still more recently and on
different theoretical grounds. None of
those- agents in of any practical value in
speeding the diminution of lead from the
hodv. (Whether they may yield therapeu-
tic \>enefit otherwise, is 'another matter.1)
An obstacle to the clarification of this and
certain other questions of clinical and
legal medicine, has been the almost utter
luck (if precise information concerning the
manner and the proportional extent,"and,
more particularly, the rate and duration, of
the elimination of lead from the body,
following varying periods of abnormal
absorption. Every physician has known,
or considers that he knows, about the
cumulative characteristics of lead, but few-
have concerned themselves to know any-
thing definite about the eventual outcome
of the ordinary processes of elimination.
It is almost as though, in general medical
belief, lead accumulates in the body in t|e
absolute; sense and without expectation of
a reversal of the process, except through
the intervention of therapy or intercurre^t
disease. It would be an astonishing
physiological phenomenon if this were tru.e,
but, as has been known for some time, it is
not. Some of the facts have been disclosed
by prolonged observations of the rate and

extent of the excretion of lead by
or industrial employees who had Brnui-
HAtccl their occupational exposure fcrli\i.l
temporarily or permanently (101. Tim
experiments described herein* rlucULtv tie
matter still further. hf»wtr\vr, liec.tu»v <f
the complete-ness and thv i iiKintit.itivc
character of the information wl:ivh they
supply on all aspects of the matter.

In 'addition to the fact that, after t::v
termination of a period ot uhnnr:;..1.!
absorption, a variably prolonged pcr;.>.l of
elimination of the accumulate*^! It-ad eu?i;:s
—that is, an excess of output over itit.;kc—
there is also a variation in the rale of this
loss, from one individual to another, depen-
dent upon, (a) the amount of Ir.-d winch
accumulated during the peri«xl ui ubiionr.al
absorption, and also (b upon tlu- U-iuth
of time involved 'in the accumulative
process. These features of the elimination
of absorbed and retained lead are iilr.s-
trated, in part, in Figure 11. in which are
represented graphically the cumulative
retention of lead Ky each of this series of
experimental subjects, during a period of
doily experimental ingestion of a known
quantity of lead, and the accumulative loss
of l*an during a period following the
termination of the experimental ingestion
of lead. Figure 11 also includes the
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aphie representation of&e corresponding
ehaviour of two subject! who ingested

only such lead as was contained in their
food and beverages. * H

The legend oF-Flguic.il ppddes the
additional information TC^uir^Q tp clarify
certain of the details, of ̂ thsjmwiner of
representation emnltws^dj out torac com-
ment may be required- 1» bciog out the
more iin'irartant relationship*,, , First, it
shu'.il'.l be noted that it contiMia a family
of related and similar euros. The two
subject;! represented in *h* two lowermost
and substantially identical cuî vcs, elimi-
nated more lead in their -uritifif sand fcces.

|M«r. IM1

\vhi9h lead accumulated in the bodies of
tbfse subjects are indicated by the primary
slopes or the respective curves, which
varied directly with the quantities cc lead
ingested daily. The actual quantities
accumulated varied correspondingly, being
represented, in the intermediate and final
periods, by the points on the curves.
Despite the fact that two of the curves
(those of subjects M.R. and E.B.) tended
to coincide in their early courses (during
the first S months of each), the metabolic
behaviour of the individuals was clearly
differentiated otherwise, according to
dosage.

•/.«.. ;:.

f lend by pationl*
who had tertr.i-
expo;iire to Ic;al

•-ntly ( JO. The
n eliiekl.ite the

(tr, bi-ea-ise of
the quantitative

iitton v.-hich they
the matter.
ct that. Hl'lcr the
id of ubnonr.d
.ilong-J'perio:! of
'.luted lc-.ul cimies
'.put over intake—
in the rate of this
to another, tlencn-
:nt of I IMC! which
•eriod t.l abnormal
upon the lentiih

:he accumulative
of the elimination
d lead are illus-
11, in v.-hich are
the cumulative

i of this series of
iring a period of
tion of a known
accumulative loss
•d following the
imental ingestion
so includes the

l"t:. 11. 77:<- ci:mtilt.lhc di^crr'iite between */'.<• frctf alimentary intake of tea*, and the
.-.••«* i'ii!r"il i>.f r<Vf.' Hi it/if fftef Oitd urine, iii »iecej'i:-e iifriods of 2f> dcyt. oter the verted*

if tii:ic indicati'd. Tite tn»latccrmoit curve* represent ti.c negative balance cs
in itibicrt! S.U". c/trf /./•'., itivifr normal ll'txe-linc] conditions. The upward slfpcs nf the
ft'iir chare the baif line rf^rfsi^fit, from lichti- upu-crd, the relative rcfff of accumulation.
Knd f/i.7 juiinft fi'-'e the (iHiMtti'.fi uf le-.id crcwutslztcd b>i subjects S.U".. i/.l».. K.B. «:>:./
I.V.. d:irins the î eritij* in&cnteil. in'which they insetted, in solution, daily 03, 1, 2. w.d

na., rcipcvtivcly,: of /i«tf.'. J'/w downward j/s^rt of the three curvet identified ax

the rcificctiee subjects.

month by month, than . . . .
their food a n d beverages. ' : ' _
the first lecture, thfe it readily
b>" the lack of any rdpi
analytical data of thti
absorlied from the atmes. _
cun-es, which, from l>eiow
sent the behaviour of subj
E.B., and I.F,, who. ia
in their diets, ingested 0.
of lead per day, respec.
each of these subjecte., inj
than he eliminated. Hie

with
icated in

explained
in the

led and
other

that
f«we lead
•e rates at

\\1\cn the intake and output of lead
of the three subjects were followed after
the termination of the experimental inges-
tion of lead, the situation was reversed and
the lend that had been accumulating now
diminished. The eliminativc process, ia
each instance (after a brief period of
relatively rapid decrease in two of the
three), proceeded at rates which were
appreciably lower than the respective rates
or accumulation, and appeared to varv
inversely, among the three, with the length
of time* over which the accumulation had
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the period of 10 months (actually o-ily
7 to 10 milligrams). This \va's due
in part to the unfortunate circumstance
that, with the termination of tV
period of exiwriincntal ingestion. this
subject altered Ins mode of living sonu--
whnt, and, as is likely to happen at sucli
times, the quantity of lead in his

occurred. The different rates at which the observed that subject M.R. eliminated
previously accumulated lead wal "elirhinut- very little of his retained lead during
ed are illustrated most strikingly by the 'L- ----' -« lrt -——'-- ........n-
prolonged observations on subjects M.R.
and E.B., and the difference between thttM
two subjects was especially pronounced,
despite the fact that t^e total quantities
of Itad which they hact retained (the one
in four years, and the other in two) were
very nearly identic*!. If it be assumed
that the metabolic reactions of the two changed. In tltis instance it was increased
subjects were much the same, the appreciably for approximately two month-.
conclusion is almost inescapable that the Despite this experimental variable, 1
respective rates of elimination depended -— '' —— --•-*'--» ••' -•• *' - l: --- ••••-
\ipon some factor associated with the
length of time required to accumulate a
given quantity of lead in the two in-
stances. Such a factor may be visuuliy.it),
in contemplating the evidence that the-
large proportion of the retained lead had
gone into the osseous tissues of the two
subjects, in which, in the two periods of
time, disproportionate quantities of the
retained lead had found their way into the
more sluggishly metabolizing regions of the-
respective bony structures. It has been
observed at necropsy, that when lead has
been absorbed rapidly, it is unevenly distri-
buted in a bone, being found in relatively

ever, it was evident that the clinrinatio:, o£
the lead which he ha.l retained during t'.-.•-•
experiment would require a lung tiui--.
Subject E.F>.. on the other hand, bcg.iu
promptly to eliminate tl.r lead which" i..-
trad retained, and he continued ty elo so u!
a fairly itcadv but ^radualu1 di:niii»hii.^
rate, for alxmt o<> months, after a:i inili..!
period of about two months of iv'ijtjuly
rapid loss. During the total periods'.'".
lunar months. S'K* days* he elimin£L.!
approximately 7'J of the 110 iniliv/rairaf I.-.-
hael accumulated ia his body in 2> fin1...:
months (half of th" retained had had IHVI
eliminated in 23 lunar month* . Ni-i lhi: ••!
the other subjects w.is f. >i!ow».-d !••!•.;

high concentration in the more vascular enough (the importance of doing v«
and more rapidly metabolizing areas; but
when lead is absorbed very slowly, or al a
low level intermittently, or when a long

not evident at the time, and it \vould h.,\ <.•
been difficult to do so in cither e-asv I •

. , . . , - . - ,, provide results which ean now b;- e.: -
period of time has elapsed since the occur- VMft\ with those obtained in the ease :
rence- of abnormal absorption, the concen- subject E.B. Tlierc is good rcaxm. tr :
tration of 'lead in sill parts of the bone tends ' ' '
to be* more nearly uniform (II). It may be
noted, in this relationship, that under
normal conditions, lead is found in higher
concentrations in the relatively ava*cuku*
long IKIUCS of the skeleton than in the flat
(Table 16, Lecture 1), whereas the opposite
relationship obtains in fatal cases of lead
poisoning (Table 27, Lecture III).

It is of interest to examine Figure II

the trends of the either two turns, and i.i
view of the comparability of the othe:
aspects of their mctalwhe patterns, to inur
that subject I.F. reduced his retained U-ud
by half in something more or less than
eight months, while subject M.H. cou'.-l
hardh' Itave readied a similar state (that ••!
half of ln$ experimentally induced "body
burden'*) in much less than five years.
These are, of course, rough estimates. b«;t

further, from thf aspect of the absolute they provide some support for a "rule of
tlut qiay be required for the thumb," which in the case of subject F..H.length of time t%t may

elimWati<»^qyMvp-
tained in -^ ^*
abnormal
related dirwttty to die
of the rate* of

of lend re-
a period of

is based on teasjinably firm ground. Or.e
mav state sovh a, rule in his case, and may

obvious^ b perhaps apply it, with some reservation, to
g discussion situatinnns involving approximately

- . _ „ - . „ - . „ - — — -.jj but from tSe two years el abnormal absorption to the
practical viewpoint, it is important to think effect that about twice the length of time
in definite temporal terms. It may be was required to eliminate the accumulated
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lead has resulted in accnmulalfon over
short or long periods of time.'

Another incidental ferttnre of Figure 11
is concerned \vith the lack bf riny visible
effects in association with tlic0' induced
dietary changes" (wliicH havc^been re-
ferred to previously) in f Jte case of subject
M.R., ana with the c6rrt«ipcni<liiiglj' nega-
tive effect of the indicated attempt &t
" cleleaditit;." The latter, introduced into
the exjK riment only after hn fnten-al of
tiiw .Miliick-nt to iTonnit tht normal eHm-
inative. processes to demonstrate their
operation, hut before thife liad been any
considerable diminution in the body bur-
den of lead, consisted in pro\ndWra; subject
M.R. with a diet very low in calcium, and
in the administration of ammonium
chloride in increasing dosage up to the
poiisl of tolerance, over a period of six
weeks. The effect, in tertni t»f the elimina-
tion of lead during this ptriod, trns'clearly
neglig!l)!e. It has been an accepted fact
for some time that this type of elllninative
regimen is ineffectual, and mention is
made of it lierr only for the sake of a full
representation of the details of tWs cxjxrri-
rnent. This experimental procedure was
not without point at the Mae ft %-us under-
take u.

i of the grorip of c.xperi-
ment$ tfotioerr.ed with the iu.qestinn of lc.id,
opportunities presented themselves for
seeking answers to a number of questions
that are of interest to physiologists and also
to clinicians. Only a few of such questions
were pursued in a manner that required a
departure from a simple and ordina:y
routine of performance on the part of the
subjects. The data, on the other hand,
have been examined by various means a: id
in VAfiotis relationships in search of signifi-
cant items of evidence. Tlwy will be re-
turned to again and again, no doubt, as
further questions arise. One such proced-
ure \vas that of examining the data
obtained during the period following the
termination of the experimental ingeVti'.m
of lead. This period, when lead was being
excreted in greater quantities than those,
being absorlted, was especially favourable
for fjie determination of the relationship
between the urinary and the true alimefi-
t.try excretion. x

Tables 21 and 22 disnlav the observed
facts, as well as the calculations and tlic
assumptions, on which arc based the
estimation of the urinary and the alimen-
tary excretion of lead by subjects M.K. and
E.B. respectively, during the terminal
periods of these two experiments. The
steps in the calculations were those of ^1
summing up the excess of the output of
lead of each subject over the intake, follow-

Tabte 21
Lead Intake and Output of Normal Subject (M.R.) during the Period of 2SO

Davs after the Termination of the Oral Administration of Lead
Ingested lead:

In food and beverages
Eliminated lead:

In urine
In feccs ...,,..,

15-99mgs.
S3-43mgs.

TOTAL ...
Excess of Elimination ... ...

Exces»eNcrert4inttri« „.. ... 10-H mgs.*
Excels e.xcrttftd by a&nentary tract —2-87 mgs.

TOTAL
• Arrived at

period, by
concentration of
amount of lead elimina

92-IS nigs.

99 -42 mgs.
7-21 mgs.

7-24 mgs.
«-hnt would have been the normal urinary output for this

ot the urine during thi* period b>- the niean normal
is subiect, and subtracting this product from the total

during this period.
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ing ihc termhialion of the period of abnor-
mal absorption, fur a period of ti»«e salii-
cient, presumably, to vanuel out the errors
of sampling of the food and feces; (2) of
calculating1 what would have been tho
normal output of It-ad in the urine during
this period, and subtracting this amount
from the actual output during the period
(the normal output was taken to lie the
product of the total volume of the urine
in litres, during this period, multiplied by
the mean normal concentration of lead in
the urine of the subject as originally
determined, expressed in the proper
decimal of a milligram per litre); and (3) of
subtracting the value in (2), which "'ill
represent the excess of lead excreted in the
urine, from tho total excess, and regarding
this difference as the excess of lead actually
excreted via the alimentary tract. This
method is not strictly precise, but it is cor-
rect in principle,, and can be expected to
yield results that err only slightly, and arc
certainly of the correct order of magnitude.
According to Table 21, subject M.R., ex-
creted a quantity of lead in his urine of
the order of 7 to 10 me. (dependent upon
which value is accepted; in excess of that
which was taken into his bodv and

1/i.irr.l B.I t It j,

, in view of the evidence to wl.j-.b.
attention was called previously, t-v.t a
normal subject may eliminate approxi-
mately 6 ing. of lead (8 mg per yean during
such a period as this. The elevation of
the output nud the concentration of lead
in the urine after the termination of tlu-
abnonnal absorption provides adequate
evidence,, however, of the excretion of pre-
viously absortxx) lead in the urine. Hie
ouaiitity of lead so excreted in excess of
that normally excreted, is more nearly cor-
rect, jn all probability, than is the quantity
indicated by the gross difference between
intake and output, for the reason tlir.t,
under the conditions of these rx|H»riments,
errors in the sampling of the urine .'.re k>>*
numerous and smaller than those avuti it:d
with the duplication nt tlic food corisutnrd
d.iily. \Vo may reasonably taktr it. from
these- observations, therefore, that satisfac-
tory evidence has been afforded in Table
21 of the excretion of the excess of Ind
via the urine, but that it has yielded e^
valid evidence that any of the retained
lead was excreted by subject M.H. vi.-. &•-•
alimentary tract.

The evidence in Table 22 is dillerent.
Subject E.B., when considert-cl in the su:r.*

Table 22
Lead Intake and Output of Normal Subject \E.B.) during the Period of

448 Days after the Termination of the Oral Administration of Lead
Ingested lead:

In food and beverages
Eliminated lead:

In urine
In feces

TOTAL ...
Excess of Elimination

Excess excreted in urine
Excess excreted by alimentary tract

TOTAL ...

30-61 mgs.
153-01 ings.

19-13 mgs.*
21 -32 mgs.

143-20 nigs.

1.S3-65 mgs.
40-45 mgs.

40*45 mgs.
* Arrived at in die same manner ms the cormponding value in Table 21.

absorbed during the period of 280 days
with which w« are concerned in this
relationship; during this same period he did
not excrete any of the retained lead by
way of the ata|entary tract The actual
excess tf tb* jrijfts output of lead over the
gross intake during this period was almost

manner as subject M.R. eliminated approxi-
mately 40 milligrams of lead more than he
took in during the period of 44S days of
these observations. The same methods of
calculation indicate that approximately
eqrfal amounts of the retained lead were
excreted in the urine and feces.
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The meaning of these somewhat dispar-
ate rc«ti!ts in the tv/o iiiSUuccs ii not
entirely certain. It seems improbable that
there was any great difference in the opera-
tion of the basic metabolic mechanisms of
these two subjects. Rather, it is probable
that the principal difference in their excre-
tory behaviour during these corresponding
experimental periods lay in the difference
in the quantities of lead in active transit in
the two instances. We have observed that,
when the quantities of lead being excreted
by certain patients were quite large, in
the absence of continuing respiratory
exposure to particulatc lead compounds,
the alimentary lead appeared to be appre-
ciably prater than that which could be
accounted for by the lend ingested in food

and beverages. It seems likely, therefore,
that the alimentary excretion oi lead begins
to contribute to the total excretory process,
when the lead in transit reaches a suitable
threshold, and that it contributes propor-
tionally more, as the quantity of lead in
transit increases. \Ve have observed per-
sons whose true alimentary excretion of
lead appeared to be three or four times that
in the urine (in the absence of renal impair-
ment), and we have also seen others, as in
the case of subject M.R., whose alimentary
excretion of lead appeared to be negligible.
There is no doubt, of course, that lead ia
excreted in the biie, but at its point of dis-
charge into the alimentary tract it has a
lung way to go and a long time in which to
be absorbed before bcint; evacuated.
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